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SUMMARY

In Phase I of this program, experiments were conducted to de-
termine the sensitivity of two munitions to secondary fragment impact.
Cylindrical concrete projectiles of four different weights were used in
the testing which simulated a concrete wall break-up which was subjected
to an accidental explosion. The explosives were in a molten state [about
93%C (200*F)] to depict the "Just filled" condition of the two target
shells used. The targets tested, and the type of explosive fill used in
this program were:

e 81 mm (M362AI) mortar shell filled with molten TNT

e 4.2-inch (M329AI) mortar shell filled with molten TNT

9 4.2-inch (M329AI) mortar shell filled with molten Composition B

* 4.2-inch (M329AI) mortar shell filled with molten Cyclotol 75/25

r Sensitivity curves relating the secondary fragment velocit3 arc
mass, above which initiation could occur in the explosive system were
deternmined for the above listed shells and fills. The equations for these
sensitivity curves were derived through the "method of least sqdares".
Finally, a method is presented to minimize experimental impact testing
and conservatively predict sensitivity curves for any explosive item.

/
Phase II was introduced in the middle of this program to impact

simulated munitions (torpedo warheads) with large brick wall fragments.
The program was designed for impact testing with only minimal analysis
involved and no conclusions or reconmendations to be drawn by ITTRI.
Phase II is covered in depth in reference 1.

I4
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INTRODUCTION

The U.S. Army is presently conducting a modernization program to up-
grade melt-loading and other munition production facilities. This upgrad-

ing includes the modernization of processes, equipment, and improved

safety in facility operations. As part of the program, the internal andI
external structures of production facilities are being arsessed for their
ability to prevent or limit propagation of an explosive accident. The
magnitude of the explosive loading must be determined and the consequences
predicted. The structural specifications to resist the explosive loading
must be determined and the consequences predicted. The structural speci-
fications to resist the explosive loads should reflect the sensitivity of
the material in the particular process being analyzed. Specifications
based on material sensitivities that are too conservative (overly safe)
result In greater costs in materials and construction. Specifications
based on liberal sensitivity data (not safe enough) mean personnel and
equipment are at greater risk.

The scope of Phase I in the present program is -focused on
the "Just filled" shells in a shell loading area. This is the area of
munitions productioni where molten explosive is poured into empty shell
casings. To limit the propagation of an explosion, the loading area is
divided into smaller areas or bays which in turn limits the total amount
of explosive in each bay. The concrete wall barriers between bays should
serve to limit an accidental explosion in one bay from propagating to an
adjacent bay. In the event of an explosion the dividing wall will break

* up and the concrete fragments will strike the explosive-filled shells.
Fragments created by the break-up of the concrete structures are called
secondary fragments dnd those created from the break-up of the donor
charge casing are called primary fragments. Figure 1 shows the distinc-
tion between primary and secondary fragments and donor and acceptor
charges. What is not known is the sensitivity of the acceptor explosive
to impact from secondary fragments. The objective of this effort
was to determine the reaction threshold velocity for two munitions (4.2
Inch and 81 mm mortar shells). Castable explosives are of interest in
this study and this includes the three tested, namely, TNT, Composition B,
and Cyclotol 75/25. This report presents results of sensitivity tests
conducted to fill the information gap on these two acceptor munitions
filled with the three castable explosives in the pour loading operation.

Three previous research programs on secondary fragment impacts have
been completed (References 2, 3, and 4).

The results of the first two experimental programs highlighted one
important fact tha~t Composition B exhibits an increased sensitivity with
increasing temperatures. The third effort was necessary to determine the

effects of shell casings (the confinement) on the impact sensitivity ofr two cast explosives (Composition B and TNT). A total of 55 experiments
were conducted on four different items (4.2 inch, 81. m, 120 m, and
155 mmn). These targets did span a wide range of casing wall thicknesses.



Also nine experiments were conducted on two variations of scaled models
of the melt kettles. As a result of this third effort, secondary frag-
ment velocity versus mass, sensitivity, curves were constructed for three
of the items (155 mm, 120 mm, and 81 mm shells filled with Composition B).
Howevernot enough data was collected on the 4.2 inch mortstr shell filled
with TNT to determine a sensitivity curve. One fact emerged from this
effort by testing, that differences in confinement and/or shell casing
geometries does play a part in the determination of impact sensitivity
of castable explosives.

In the middle of this experimental testing a Phase II was initiated
to test che vulnerability of simulated munitions (torpedo warheads) to
brick wall fragments. Simulated munition targets were impacted with brick
wall fragments propelled at preselected velocities. The simulated targets
were of the same geometric configuration but fabricated of different mate-
rials (steel and aluminum) and filled with four different explosives
(PBXN-103, H-6, HBX-l, and HBX-3). This report will only highlight
certain tasks performed under Phase II, since this experimental work was
completely covered in IITRI's Phase II report J6421, dated November 1978.
IITRI was contracted to perform experimental testing and to do minimal
analyses to satisfactorily conclude this phase of the program. All final
analyses of these 21 tests performed were NSWC's and ARRADCOM's responsi-
bility. Since only minimal analyses were performed, no conclusion or
recommendations were drawn by IITRI on this Phase II testing.
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EXPERIMENTAL PROGRAM

Phase I Design

In this section of the final report, a description Is provided of
all the targets tested in this program. Originally there were to be two
targets used (155 mm howitzer shells and 81 mm mortar shells) filled with
TNT and Amatax 20. However, the 4.2 inch mortar shell was substituted
for the 155 mm howitzer shell and the fills were changed to TNT, Composi-
tion B, and Cyclotol 75/25. The selection of the 4.2 inch mortar shell
was recommended since it has given some interesting results and not enough
data was collected on this type of confinement. Secondly, the Amatax 20
was eliminated as a filler since ARRADCOM pointed out that it is not
readily accessible, may never be used as a filler in future production
due to excessive costs and hygroscopicity. Lastly, the Composition B
filler material was an addition to the program. A description of the
experimental methods employed to obtain secondary fragment impact con-
ditions and the test procedure followed appear in this section.

Target Descri.-nti-nn

The most vulnerable conditions in the melt loading operatiun (with
regard to secondary fragment impact) is when the molten explosive has
been poured and is sitting in the shell at an elevated temperature. A
loaditig funnel is used to assist in the loading operation and as a second-
ary function it holds extra explosive for make-up wheL the explosive cools.
The munition in this state is called the "just filled" condition. Figure 2
depicts the 4.2 inch (M329AI) mortar shell in the "just filled" state with
the loading funnel in position. All targets tested in this program were
in this condition.

L

A series of tests have been conducted on two different shells filled
with three different explosives. Following is a list of the test series
performed:

e 81 mm (M362A1) mortar shell filled with TNT, 16 tests performed

* 4.2 inch (M329A1) mortar shell filled with TNT, 9 tests performed

* 4.2 inch (M329AI) mortar shell filled with Composition B,
11 tests performed

* 4.2 inch (M329A1) mortar shell filled with Cyclotol 75/25,
15 testR performed

Sketcbe. of the 4.2 incn M329A1 and the 81 mm M362A1 mortar shells
without the loading funnels and listing all important dimensions are shown
in Figures 3 and 4, respectively. Also Figures 5 and 6 depict the 120 mm
cannon shell and the 155 mm howitzer shellrespectively. The summary of
the pertinent information on the four target shells is shown in Table 1.

3



Concrete Fragments

Laced reinforced and in some cases just concrete elements and/or
barriers without lacing are used in structures designed to resist the ex-
plosive force of a high order detonation. The Army manual TM5-1300
(Reference 5) recoummends the concrete standards specified in the Amuerican
Concrete Institute (Acr) Building Code. This is a high early-strength
Portland cement (Type III) with a minimum strength of 20684 kPa (3000 psi).
To minimize the effect of spalling, the size of the aggregate is limited
to less than 2.54 cm (1 inch). The concrete used in this program to sim-
ulate wall fragments was a nine bag mix of Portland cement with aggregate
size less than 2.54 cm (1 inch). A local ready mix contractor poured 'all
of the necessary concrete fragments. All concrete fragments were left in
ambient air for at least 7 days to cure before being expended.

The simulated concrete wall fragments were fabricated from cardboard
cylinders, which were cut to four lengths. Certain length to diameter
ratio as well as weights were maintained for these test series. Figure 7
shows the cardboard tube assemblies into which the concrete was poured.
This shape was selected to facilitate launching these concrete fragments
from IITRI's high pressure air gun. The obturator mounted on the back
side of the concrete fragment was of (high density) polyethylene and pro-
vided a good seal with the barrel on the air gun. Table 2 lists the
nominal sizes and weights of the concrete fragments used in this program.

Air Gun Launcher

A high pressure air gun was used to launch the cylindrical concrete
fragmenta at the targets. Figure 8 shows the gun's arrangement relative
to the targets. The capabilities of the air gun are shown in Figure 9.
A maximum chamber pressure of 17237 kPa (2500 psi) is normally selected
for safe operation. With this limitation the maximum velocities for the
nominal weight of fragments are listed in Table 2. Some differences have
been observed between the velocities selected and the velocities obtained,
and it has been concluded that these differences are due to wind effects
on the fragments in flight and the friction between the fragment and the
gun barrel as the fragment is being propelled out. Aiming of the gun was
done with a laser placed in the barrel. The targets were then moved to
the desired position and the laser removed before firing. An air compres-
sor pumps air into a large holding vessel and this compressed air is then
bled into the gun chamber prior to firing. In order to charge the gun to
the higher desired pressure sometimes takes up to I hour. Each charging
and firing of the gun is done remotely.

Test Procedure

In this program, normally one test could be conducted daily if all
supporting items were on hand. The one test per day was limited primarily
due t-. the melting of the explosives. The shells for this program were-
received empty with the necessary explosives being shipped in separately.

4



When target shells had to be filled with Composition B or TNT, they were
filled prior to testing. At the time of testing these prefilled shells
were placed in a hot water bath until the explosive was molten. An extra
shell was heated with each two target shells and its molteti explosive was
used to fill the loading funnel placed on top of the target shells. This
water bath heating to attain the "Just filled" condition [attain a 930C
(2000 F) temperature] took about three hours for the larger 4.2 inch
shells. However, when Cyclotol 75/25 was to be tested in the 4.2 inch
mortar shells, they could not be filled prior to testing. It would re-
quire agitation and a long time to melt Cyclotol 75/25 in just a boiling
water bath. It was necessary for the Cyclotol to be melted in an. agi-
tated double boiler set up in one of the buildings at the range, poured
into a plastic container, transported out to the site, and poured into
the target shells. This arrangement required approximately a half day

to get the targets filled and ready for impacting.IWhile the target shells were being preheated, the air gun was being
prepared for firing. Each concrete fragment was weighed just before
placing it into the gun barrel. The weighing scale was graduated into
2.27 kg (5 lb) increments and the increments were large enough so that it
was possible to read the weights to plus or minus a half of one division,
which gave us an accuracy of + 1.13 kg (+ 2.5 lb).

A wooden test stand was fabricated for each test so that the target
shells were positioned perpendicular to the flight of the concrete f rag-
ment projectile. Also the shells had to be propped up with a board so
as not to tumble. See Fi~gure 2 depicting the angled stand and the prop.

* A 2.54 cma (1 inch) thick steel witness plate 30.48 cm x 30.48 cm (12 inch
x 12 inch) was used beneath the targets. In this witness plate two holes
were cut to accommodate the threaded studs on the bottom of the 81 mm

and the 4.2 inch mortar shell targets. In all tests two targets were
used except for one test (test number 4.2-M-7) where a single target was

the probability of achieving a good hit. Also this additional target
provides information as to the degree of reaction.

Concrete fragment actual velocities were determined from film rec-
ords of each experiment. A fiducial marker with 30.48 cm (12 inch)
increments was placed in the field of view of the cameras. Three cameras
were used to film each event. Two were high speed Fastax cameras oper-
ating at approximately 4000 frames/sec peak. The third camera was a
slower Bell and Howell camera operating at approximately 64 frames/sec.
This slower camera was used to provide a back.-up record in case the high
speed cameras malfunctioned or possibly missed the event due to timing
errors.

Timing, that is, the time relationship between opening the solenoid
valve on the air gun's high pressure chamber and starting the cameras,

was critical for all these experiments. The total running time for the
Fastax high speed cameras with 30.48 m (100 ft) of film was approximately
2 seconds. It was desirable to catch the event on the high speed film

I 5



and preferably on the last half of the film footage where the cameras
have reached their maximum speeds and are fairly constant. The timing of
the cameras and gun solenoid is directly related to the expected velocity
of the concrete fragment and this in turn is related to the fragment
weight and gun chamber pressure. Selecting the timing was a matter of
judgment, experience and thorough scrutiny of previous data to predict
the relationships. Additional uncontrollable factors, such as friction
between gun barrel and the cardboard tube surrounding the concrete f rag-
ment, and wind also affect the timing.

In the experimental setup a chromel-alumel thermocouple was attached
to the number 1 target's (target on the right as viewed from the gun)
outer surface after setting up the target shells. The surface temperature
near the center of the shell was monitored with a thermocouple attached on.
the surface with fi.berglass tape. Also the explosive temperature was
monitored by dipping a thermocouple directly into the center of the molten
explosive. Lastly the ambient test site temperature was recorded. Fiber-
glass insulation, approximately 7.62 cm (3 inches) thick, was placed
around the target shells to reduce heat loss. This insuilation was es-
pecially important during the colder weather and at higher gun chamber
pressures requiring more time to bring the chamber up to the desired
pressure. It was concluded that the fiberglass insulation is of no sig- *

7 nificance in the impact mechanism.r:
Part Il Design

in Ph~this section a short description is provided of the targets tested
in PaseII of this program. Simulated munitions filled with four types

of explosives were supplied by NSWC for this experimental testing. Also
In this section is a short description of the experimental methods employed
to obtain secondary fragment impact conditions and the test procedures fol-
lowed in this phase of the program. The majority of Phase II tasks con-
sisted of experimental testing with only cursory analyses being performed
by IITRI. This was mutually agreed upon Ly all of the participants, that
IITRI was to perform the experimental testing, while NSWC and AERADGOM
would scrutinize the test results, reduce the data and perform the neces-
sary analysis. Note that only short descriptions are provided in this
section, however more details can be found in report Reference 1.

Target Description

NSWC had supplied a total of 15 simulated munition targets. These
targets were cylindrical, approximately 30.5 cm (12 inches) in diameter
and 33.0 cm (13 inches) high. Some of the cylinders were fabricated from

rsteel plates and sheets, while others were fabvricated from aluminum sheets.
Three simulated munitions w~ere filled with H-6 explosive, three with HBX-l
explosive, three with HBX-3 explosive and six with PBXN-103 explosive.

6
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Brick Wall Fragments 1
In all of these Phase II experimental tests the impacting projectile

consisted of mortared common bricks strapped together. Each brick frag-
ment had ten common bricks mortared together, five coarse deep, and each
coarse rotated 90 degrees. These brick wall fragments were slipped into
cardboard tubes witb an approximate 30.5 cm (12 inch) outside diameter.F
Again this shape was selected to facilitate launching these brick wall
fragments fromi IIThI's high pressure air gun. An obturator was mounted
on the back side of the brick wall fragment to provide the necessary seal-
ing with the barrel of the air gun. The open area between the bricks and
tube was filled with foam. The overall dimensions of the brick wall

F fragments were 30.5 cm (12 inches) in diameter and 40.6 cm (16 inches)
long with an average weight of 34.8 kg (76.8 lb).

Test Procedure

This entire Phase II experimental testing was performed at IITRI's
explosive test facility located near La Porte, Indiana. The brick wall
fragments were launched from an air gun with the 30.48 cm (12 inch) diam-
eter tube attached. IITRI's air gun facility is capable of launching
large fragments at high velocities.

In this type of testing normally one test could be conducted daily
if all supporting items are on hand. All the simulated munition targets
were received fully loaded from NSWC. A wooden test stand was fabricated
for each test so that the simulated munition target was positioned perpen-
dicular to the flight of the fragment. Single targets were used and the
plan was to impact the targets on its centerline and in the iniddle of its
height. Over each target was constructed a wooden canopy laminated with
a steel plate on top to prevent and/or slow down the fragments from the
simulated munition target from flying down range in case of a detonation.

It was requested for this phase of work to record pressures and time
of arrival at preselected distances from the detonation point. IITRI set
up the necessary instrumentation and obtained time-pressure traces for
each test. Proper triggering of the instrumentation was necessary and a[foil switch was used for this triggering. IITRI fabricated all necessary
foil switches, and in each test a foil switch was wrapped around the simu-
lated munition target. At impact the fragment would close the switch
which would in turn trigger the sweep across the oscilloscope screen. Two

K . oscilloscopes were used, one as backup set at double amplitude and sweep.

Brick wall fragment actual velocity was determined from film records
of each experiment. A fiducial marker with 30.48 cm (12 inch) increments
was placed in the field of view of the cameras. Three cameras were used
to film each event. Two were high speed cameras operating at approxi-
mately 4000 frames/see peak. The third camera was a slower one operating
at approximately 64 frames/sec. This slower camera was used to provide
back-up record in case the high speed cameras malfunctioned or possibly
missed the event due to timing error.

7



EXPERIMENTAL RESULTS

In this chapter the raw experimental data is presented. This will
include visual observation of the fragment, witness plates, and targets
together with the analysis from the film records of the projectile velo'-
ity, location of hit, and impact results. An overall summary of the ex-
perimental results is found in Tables 3 through 10 inclusive. The first
section of this chapter presents the method used to determine the veloc-
ity of the concrete fragment projectile. Subsequent sections present
results for the targets tested in Phase I ARRADCOM test series.

In the Phase II NSWC test series, all cf the raw experimental data
is presented in the report and Appendix of Reference 1. Therefore only
some highlights will be repeated in this section of the final report.

3.1 Secondary Fragment Velocity Determinations

To calculate the concrete and/or brick wall fragment velocity, a time
and motion high speed projector was used. Velocities were determined from
the high speed film records obtained. The first step was to calculate the

film speed at the event. This was accomplished by the following procedure
and equation:

* measure a number of frames to obtain arithmetic average
of film frame size (F in cm)

a
o measure a length over some selected number of timing

spots (L in cm)

e selected number of timing spots (N t)(note each timing
spot represents 1 msec) t

FILM SPEED frames/sec (1)

Next the event had to be observed over a selected projected length
on the fiducial marker and the number oC frames counted for the fragment
to traverse this length. However two types of corrections of the projected
displacement had to be made due to the relative position of the fiducial
marker. One correction was made because in some tests the marker was be-
yond the centerline of the concrete fragment path and the second because
the angle at which the fiducial marker was placed was different from that
of the fragment flight path. The following equation made the necessary
corrections of the projected displacement:

CORRECTED PROJECTED DISPLACEMENT = AX Cos (o 2 - a (2)

where d is the distance from the camera to the centerline of the fragment
path [in this program's test series this distance was constant 26.82 m -
(88 ft)], df is the distance from the camera to the fiducial markerfi
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[in this program's Phase I test series this distance was either 26.82 m
(88 ft) or 27.82 m. (91 ft) while in Phase II this distance was 27.66 m

* ~(90.75 ft) or 31.22 m (102.42 ft)], a2 is the angle from the horizontal to
the fiducial marker, a1I is the angle from the horizontal to the centerline
of the fragment flight path.

Then the fragment velocity could be calculated using the following
equation:

VELOCITY - V (3)

where Nf is the number of frames over the measured displacement.

We were also prepared with a back-up method for the cases when the
timing lights would burn out or malfunction. The maximum speed of theII.Fastax camera can be adjusted by regulating the supply voltage to the cam-
era. If the supply is maintained constant, the camera's speed profile
(frames per second versus time) should be fairly reproducible. Also, the
camera speed versus the number of frames from the start (time zero) should
be constant for each test where the supply voltage was the same. Figure
10 was therefore constructed and used to estimate the camera speed in cases
where it could not be determined by the method previously described. All
that is necessary is to count the number of frames from the start of the

* film to the point at which impact occurs and then conswv'.t Figure 10 for
the estimated film speed (Vf)

*In cases when the Fastax high speed camera coverage was completely
inoperable, the velocities could be calculated in a similar manner from
the back-up slow speed Bell and Howell film coverage. In this case, the
film speed was assumed to be a constant 64 frames/sec.

In Phase I, ARRADCOM test series, nine of the tests, the high speed
camera coverage was lost; while in the Phase II, NSWC test series, only
one was lost. For four of the tests, the event was first and then the
film, indicating late timing of the cameras and for six tests the film was
first then the event indicating early timing of the cameras. In these
tests, other means were used to calculate the fragment velocity. Some
were calculated from the slow speed back-up camera's film coverage; others
were estimated from similar tests having the same fragment weight and
chamber pressure, while others were estimated by comparing desired veloc-
ities and pressures to the actual obtained in previous executed tests.
These velocities when appearing in this report or tables are preceded by
the approximate sign (-..It is interesting to note that in Phase II test-
ing, as well as in the last group of tests in Phase I tests with targets
filled with Cyclotol 75/25, detonations resulted from low velocities.
Testing had to be extended into the low velocity region, in order to
bracket certain categories. In this low velocity region, only a few ex-
periments were performed and timing data for the cameras was ver-y sparse.
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Aiming Point Selection

Under Phese I testing, as it was conjectured in previous shell impact
tests, the shells should be impacted at the intersection o~f the top of the
number 1 target shell and its loading funnel (at the shell-funnel junc-
ture). The collapse of the top of the shell should pinch of f tine molten
explosive from gushing out and place the trapped explosive under high
pressure thereby increasing the vulnerability of the tested munitions.
Due to this conclusion, all of this program's Phase I aiming points were
planned at this intersection. Hiowever, due to varying wind velocities,
gun tube friction and fragment instability, some impact points went slizht-
ly astray. For Phase I I testing, the impact point selection is described
in the second paragraph under "2.2.3, Test Procedure". The actual hit loca-
tions for all the Phase I experimental tests are depicted in Tables 3 to 6
inclusive. Also Tables 7 through 10 are included listing the experimental
data and hit points from previous programs (References 3 and 4) for 81 mmin
mortar shells, 120 nun cannon shells, and 155 mmn howitzer shells filled
with Composition B. Phase II hit locations are depicted in Table 2 and
the Field Data Sheets in report Reference 1.

In Phase I tests, two targets were used and the plan was to impact
target 1 on its centerl.nc and at the intersection juncture between shell
and loading funnel. Target 1 was always the primary target and on the
right when looking down the gun tube. Target 2, the secondary target, was
always on the left.

Finally, some of the aiming points went astray due to the fragment in-

some of the lighter fragments they even came in sideways with the obtura-
tor either on top or bottom.

Mortar Shell 4.2 Inch M329A - TNT filled

This program's Phase I was initiated by performing an additional nine
tests to complete and confirm results from previous research program
(Reference 4), using the 4.2 -.'nch mortar shell as the confinement. As
reported in the final report of the previous program "~not enough data was
collected on the 4.2 inch mortar shell, TNT filled, to determine the sen-
sitivity curve". With the additional nine and the previous thirteen suf-
ficient data was collected to construct a velocity versus mass sensitivity
curve. This experimental test data is listed in Table 3.

Nominal. Concrete Fragment Weight of 29 kg (63 lb)

A total of seven experiments have been conducted with concrete f rag-
ments in this weight category and four were high order detonations while
three were of the no reaction type. Hlowever, four were performed on a
previous program (Reference 4).
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In the four high order detonations the concrete fragments were pro- I

pellad at the following actual velocities:

Previous program data, Reference 4

4.2-S-1 at 273 m/sec (896 ft/sec-A*)
4.2-S-3 at 226 m/sec (741 ft/sec-A)

Present program

4.2-S-5 at 184 m/sec (604 ft/sec-A)
4.2-S-6 at 150 m/sec (493 ft/sec-A)

In tests 4.2-S-1 and 4.2-S-5 where a detonation resulted, only a few
small to medium size metal fragments were recovered. Similar fragmentation
resulted in test 4.2-S-3 and 4.2-S-6; however, the metal fragments were
considerably larger. Initiations in these tests occurred at approximately
0.5 msec after initial contact with the target shell.

Two tests were performed at lower velocities and one at a higher
velocity that did not cause any explosive reaction.

Nominal Concrete Fragment Weight of 50 kg (110 lb)

A total of six tests were conducted at this weight with four tests
resulting in high order detonations and two tests being of the no reaction
type. The four high order detonation tests were performed on a previous
program (Reference 4).

The concrete fragments in the four high order detonations, were pro-
pelled at the following actual velocities:

Previous program data, Reference 4

4.2-MS-I at -236 m/sec (-774 ft/sec-A)
4.2-MS-2 at 201 m/sec ( 659 ft/sec-A)
4.2-MS-3 at 123 m/sec ( 404 ft/sec-A)
4.2-MS-4 at 146 m/sec ( 480 ft/sec-A)

Two tests in this program were performed at lower velocities, so that
a bracketing could be accomplished for this weight category. Both tests
resulted in no reactions. In these two tests 4.2-MS-5 and 4.2-MS-6, the
noncrete fragment came in slightly low, but on the centorline of the
target 1 shell. Target 1 shells, in both of these tests were flattaned
as well as ripped open, and with the base plates torn loose. Target 2
shells were flattened on the side and the base plates were torn loose.

The delta A symbol used in the sensitivity curves and here, indicates
a high-order detonation.
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Nominal Concrete Fragment Weight of 91 kg (200 lb)

Five tests were conducted using this weight of concrete fragments
with two of the tests resulting in high order detonation, one with a burn-
ing and/or low order reaction, and two with no reaction. Four of these
tests were performed on the previous program (Reference 4), while only
one was necessary to bracket this weight category on the present program.

The concrete iragments in the two high order detonations and the one

low order reaction were propelled at the following actual velocities:

Previous program data, Reference 4

4.2-M-2 at 168 m/sec (551 ft/sec-V*)
4.2-M-3 at 161 m/sec (528 ft/sec-.t)
4.2-M-4 at 97 m/sec (318 ft/sec-A)

In all the high order detonations, the conr'ete fragments hit the
target shells at the desired locations and only small metal fragments were
recovered after the tests.

Test 4.2-M-5 on this program was performed at an actual velocity of
71 m/sec (234 ft/sec) and test 4.2-Mr-1 from the previous program was per-
formed at a velocity of -176 m/sec (-576 ft/sec). Both of these tests
resulted in a no reaction, and both concrete fragments hit slightly to
the right of target 1.

In shot 4.2-M-2 the target shell was recovered with the top squeezed
shut and some molten TNT left inside. In observing the film a small flash
and some black cloud appeared after impact. The initiation was at the top
of the sh2ll wherý. the funnel joins the shell. It seems that the reaction
did not propagete to the rest of the explcsive in the shell and for this
reason it was called a burn or low order reaction.

Nominal Concrete Fragment Weight of 179 kg (395 lb)

A tital of four tests were conducted with this weight of concrete
fragments, and only one resulted in a high order detonation while tnree
.ests resulted in no reactions.

The one test that resulted in a high order detonation was performed
on the previouo program (Reference 4). The concrete fragment was propelled
at a velocity of 143 m/sec (470 ft/sec). Only small to medium size metal
fragmeuts were recovered after the test. The three no reaction tests con-
ducted oi this program were at lower fragment velocities. In test 4.2-L-2
the concrete fragment hit the target shell at the centerline but slightly
low and was classified as a "good hit". However, in test 4.2-L-3 and
4.2-L-4 the concrete fragments came in too high and only sheared off the
loading funnels.

The upside down dalta V symbol used in the sensitivity curves and here,
indicates a low order reaction.
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Mortar Shell 81 mm M362A1 - TNT Filled

A total of 16 experimental tests were performed on this program using
the 81 m mortar shell as the confinement. Of these tests only two re-
sulted in high order detonations and two were classified as low order re-
actions. The remaining 12 tests resulted in no reaction. Sufficient
data were gathered to construct a velocity versus mass sensitivity curve.
In this section cf the report the tests performed for each concrete frag-
ment weight category will be described separately. This experimental
test data is listed in Table 4.

Nominal Concrete Fragment Weight of 30 kg (66 lb)

A total of four experiments were conducted with concrete fragments
in this weight category and all four were of the no reaction type. In
test 81-S-6 the concrete fragment came in too low and to the right while
in test 81-S-8 it came in too high and to the left, and in both of these
tests the hits were classified accordingly. In the other two tests,
81-S-7 and 81-S-9, the concrete fragments hit the target shells at the
desired location.

In test 81-S-7 the target 1 shell was completely flattened and the
bottom one-third ripped open, while on target 2, the top one-third was
flattened but the shell was intact. In test 81-S-9 only metal pieces of
the shells could be found and the upper portions of the loading funnels.
The molten TNT was strewn around the area, but no reactions ensued.

Nominal Concrete Fragment Weight of 51 kg (112 lb)

A total of four tests were conducted at this weight with two of the
tests resulting in high order detonations and one test recorded as a low
order reaction. Only one test was of the no reaction type.

The concrete fragments in the three reacting experiments were pro-
pelled at the following actual velocities:

81-MS-5 at 219 m/sec ( 718 ft/sec-V)
81-MS-6 at -268 m/sec (-880 ft/sec-A)
81-MS-7 at 196 m/sec ( 644 ft/sec-A)

Test 81-MS-8 with the concrete fragment propelled at the lowest ve-
locity in this weight category resulted in no reaction. This test's
fragment was propelled at 181 m/sec (595 ft/sec) and only metal pieces
of the two targets and one part of a loading funnel were recovered afterZ
the test.

In all four of these tests the concrete fragment impacted the tar-
get shells at the desired locations. I

13

- ~ .r 1...-



In shot 81-HS-5 the target 1 shell was recovered. The top portion
w'as smashed flat and the bottom split open. In observing the film record
of this shot, some slight butning was visible just after impact. The
initiation appeared to be at the bottom of the shell where it split open.
From the inspection after the test it seems that the reaction did not
propagate to the rest of the explosive and for this reason it was classi-
fied as a burn or low order reaction.

Nominal Concrete Fragment Weight of 88 kg (194 lb)

Four tests were conducted using this weight of concrete fragments
with all four tests resulting in no reaction. In test 81-M-6 the con-
crete fragment came in too far to the right and clipped the loading fun-
nel of target 1. Target 2 was intact and showed no damage. Again in
test 81-M-7 the concrete fragment came in high between the two targets and
sheared off the funnels. In test 81-M-8 and 81-M-9 the concrete fragment
struck the targets in the desired location, but no reaction occurred. In
the latter test only large metal pieces were recovered fromr either target,
while in the other test (81-M--8), target I was found smashed flat and in
four pieces while target 2 was only dented on the right side. Some molten
TNT was found in the area but no signs of detoaiations or burning were
d-iscovered.

Nominal Concrete Fragment Weight of 175 kg (386 lb)

A total of four tests were conducted with this weight of concrete
fragments, and only one resulted in a low order reaction. The other three
tests were recorded as no reaction.

In test 81-L-5 the concrete fragment came in with its nose down
thereby strik'ing the target shell low. In the film study of the test
there was an indication of some burning or detonation at impact. Also
range personnel reported a loud report at impact, and only two metal
pieces were recovered on target 1. Target 2 with the loading funnel in-
tact was found in the aryea. Due to the above mentioned observations it
was concluded that this test be recorded as a low order reaction.

In tents 81-L-6 and 81-L-7 the concrete fragment impacted the top of
the loading funnels and were slightly to the left. The final test in
this weight category 81-L-8 was a good hit, at the desired location, and
only two metal pieces could be found after the test of target 1. Tar-
get 2 was intact but its loading funnel was missing. Film study of thia~
test indicated no reaction. In these three no reaction tests the con-
crete fragments were propelled at lower velocities than the one resulting
in a reaction.

Mortar Snel 1 4.2 Inch M329A1 - Composition B Filled

A total of 11 experimental t.ests were performed on this program using
4.2 inch mortar shells as confinement and filled with molten Composition B.
Of the 11 tests only one was of high order detonation and two
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were recorded as low order reactions. The other eight tests were record-
ed as no reactions. Minimal data was gathered in this series, however,
there was sufficievit data to construct a velocity versus mass sensitivity
curve. In this section the tests performed for each concrete fragment
weight category will be described separately. This experimental test data
is listed in Table 5.

Nominal Concrete Fragment Weight of 29 kg, (65 lb)

Two experimental tests were performed on this progralm using the. 4.2
inch mortar shell as confinement. One test wad recorded as a high orderI
detonation and one test resulted in no reaction.

In test 4.2-S-9 the concrete fragment was propelled at an actual[ ~velocity of 256 rn/sec (839 ft/sec-tA) and impacted target 1 at the desired

location. The film study indicated a high order detonation ensued at i?2-
pact, and the explosion of target 1 threw target 2 into the air where it
remains through the entire high speed film coverage. Target 1 was split

loose.

In the no reaction test number 4.2-.S-8 the concrete fragment was pro-
pelled at a lower velocity. The fragment came in to the left, so that
target 2 was hit at the desired location. The upper half of target 2 was
flattened, while target 1 was just slightly dented.

Nominal Concrete Fragment Weight of 52 kg (115 lb)

A total of three tests were corducted at this weight with one of the

tests resulting in a low order reaction while two tests were of the no
reaction type.

The one test 4.2-MS-7 that resulted in a low order reaction was im-
pacted with the concrete fragment propelled at a velocity of 148 rn/sec
(485 ft/sec-V). The concrete fragment came in at the desired location
and target 1 was split open and bulged at the bottom. Target 2 was re-
covered with only a nick at the top but intact.

In tests 4.2-MS-8 and 4.2-MS-9. that resulted in no reactions, the
concrete fragments came in at the desired location. Both targets were
recovered from these two tests and targets 1 were flattened and split
while targets 2 were dented and caved in. One of these test's concrete
fragment was propelled at a lower velocity and the other at a higher
velocity than the reaction test.

Nominal Concrete Fragment Weight of 91 kg (201 lb)

Three tests were conducted using this average weight of concreteI? fragments with all three tests resulting in no reaction. In tests 4.2-M--6
and 4.2-M-8 the concrete fragments came in slightly high, but close enough
to the desired location to be considered as "good hits". Both targets 1
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were recovered and the upper half of the shells were caved in and crushed.
Targets 2 showed only slight top edges dented and loading funnels crushed.

In test 4.2-M-7 only one target shell was used. This test is the
only one with one target, in all other tests two targets were used. The
concrete fragment impacted the target at the desired location and crushed
in the upper half of the shell. The heavy threaded nose piece and loading
funnel could not be located after the test.

Nominal Concrete Fragment Weight of 178 kg ('93 lb)

A total of three tests were conducted with this weight of concrtt e
fragments, only one resulted in a high order detonation. The other two
tests were recorded as no reaction.

In the high order detonation, test 4.2-L-6 the concrete fragment was
propelled at the fastest velocity in this category, which was -122 in/sec
(-400 ft/sec-A). Only two metal pieces were recovered of target 1, while

target 2 was totally flattened and bowed with a deep dish in the center.

Test 4.2-L-5 resulted in a no reaction although the concrete fragment
did impact the targets at the desired location. Both targets were re-
covered and the upper two-thirds of target I was flattened, while about
one-half of target 2 was flattened- In the final test of this category,
4.2-L.-7, the concrete fragment did impact the targets slightly high and
to the left. Both targets were recovered after the test and both showed
signs of the top edge being grazed by the fragment. The two loading fun-
nels were smashed~ flat. This final test resulted in a no reac':ion.

Mortar Shall 4.2 Inch M329AI - Cyciotol 75/25 Filled

A total of 15 experimental tests were performed on the program using
the 4.2 inch mortar shell as confinement and filled with molten Cyclotol
75/25. Of the 15 tests, six were of the high order detonation and one
test was classified as a low order reaction. The remaining eight tests
resulted in no reactions. Sufficient data were gathered to construct a
velocity versus mass sensitivity curve. However in one weight category,
namely the 52 kg (115 lb) category, the data indicated that this target
munition filled with molten Cyclotol .75/25 is more sensitive than any of
the other categories in this series of tests. In this section of the re-
port the tests performed for each concrete fragment weight category will
be described separately This experimental data is listed in Table 6.

Nominal Concrete Fragment Weight of 29 kg (65 lb)

Three experimental tests were performed using targets of 4.2 inch
mortar shells filled with Cyclotol 75/25. one test was recorded as a high
order detonation and two tests resulted in no reaction.

In test 4.2-S-12 that resulted in the high order detonation, the con-

crete fragment was propelled at a velocity of 261 rn/sec (858 ft/sec-A).
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Also this fragment came in sideways with obturator on top, but did impact
the target in the desired location. Only about four metal pieces were re-
covered of target I while target 2 was dented on the side and had the
threaded nosepiece missing.

In test 4.2-S-Il that resulted in a no reaction the concrete frag-
ment was propelled at a velocity of 228 m/sec (749 ft/sec) and again came
in sideways with obturator on top. The fragment did impact the targets
at the desired location. Both targets were recovered, with the upper half
of target I flattened and split open while target 2 was caved in at the
top. Both loading funnels were missing. On test 4.2-S-10 the concrete
fragment came In slightly low but on the centerline of target 1. After
the test both targets were recovered with target 1 split wide open and
smashed while target 2 was only dented on the side. Both funnels were
recovered intact with only their stems broken off. In the tests that re-
sulted in a no reaction the molten Cyclotol was strewn around the impact
area.

Nominal Concrete Fragment Weight of 52 kg (115 lb)

A total of five tests were conducted at this weight with three of
these tests resulting in a high order detonation while two tests were of
the no reaction type.

In the three high order detonations the concrete fragments were pro-

pelled at the following actual viwlocities:

4.2-MS-I0 at 178 m/sec ( 583 ft/sec-A)
4.2-MS-II at -101 m/sec (-330 ft/sec-A)
4.2-MS-12 at - 84 m/sec (-275 ft/sec-A)

In tests 4.2-MS-10 and 4.2-MS-II where a detonation resulted, only
a few small metal fragments were recovered. Also in the first test the
witness plate was broken into six pieces and in the second test it was
badly bowed. In both cases the witness plates had to be replaced. In
test 4.2-MS-12 only one piece of metal was recovered of target 1 and the
base plate, while target 2 was intact but dented on the side.

In test 4.2-MS-13 the targets were to have been impacted with the
concrete fragment at a velocity of 61 m/sec (200 ft/sec) but due to an un-
expected chamber pressure drop it was propelled only at 49 m/sec (160 ft/
sec). Since the targets were set in a position for the faster velocity,
the result was that the fragment hit the ground about 2 ft in front of
the targets and tumbled into them. No reaction was recorded due to this
tumbling action.

Test 4.2-MS-14 was performed as a repeat of test 4.2-MS-13 and the
concrete fragment was propelled close to the desired velocity of 61 m/sec
(200 ft/sec). Film studies show the actual velocity at 59 m/sec (193 ft/
sec). The targets were impacted Pt the desired location with no reaction.
Target were recovered and target I was flattened while target 2 was in-
tact with only a slight dent.
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Note in this weight category detonations were experienced at some
fairly low velocities, namely at -84 m/sec (-275 ft/sec). Also initia-
tions started approximately at 0.25 mse, after contact.

Nominal Concrete Fragment Weight of 89 kg (197 ib)

Three tests were conducted using this average weight of concrete
fragments with one test resulting in's high order detonation, one in a
low order reaction and one test recorded as no reaction. In this category
as the concrete fragment's velocity was increased in each successive
test, the results went from no reaction to low order reaction to
high order detonation.

The concrete fragments in the two detonating tests were propelled
at the following actual velocities:

4.2-M-9 at 146 m/sec ( 478 ft/sec-A)
4.2-M-11 at -105 m/sec (-345 ft/sec-V)

Also in both of the above tests the concrete fragments came in with
the nose up but did impact the targets in the desired location. In the
first test the nose was up approximately 12 degrees and in the second ap-
proximatly 6 degrees. In the high order detonation, test 4.2-M-9, only
metal fragments were recovered of the targets and the witness plate was I
bowed. In the low order reaction, test 4.2-M-11, both targets were re-

covered and both were flattened, split and the base plates torn loose.

In the test that resulted in a no reaction, test 4.2-M-10, the con-
crete fragment came in slightly low and both targets were flattened with
target 2 base plate torn loose.

Nominal Concrete Fragment Weight of 175 kg (386 lb)

A total of four tests were conducted with this average weight of
concrete fragments, and only one resulted in a high order detonation. The
other three tests were recorded as no reaction.

In the high order detonation, test 4.2-L-8, the concrete fragment
was propelled at a velocity of 95 m/sec (313 ft/sec-A). Only small metal
fragments were recovered together with one base plate from one of the
target shells.

Test 4.2-L-9, 4.2-L-10, and 4.2-L-11 resulted in no reactions, how-
evle., the concrete fragments were propelled at slower velocities and in
two of the tests (4.2-L-9 and 4.2-L-10) impacts were somewhat low striking
the witness plate and target shells. All target shells werk dented with
target 1 receiving the greatest damage. The Cyclotol was strewn around
the impact area after each of these tests.
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Simulated MunitionsFilled with PBXN-103 Explosive

Six simulated targets filled with PBXN-103 were supplied by NSWC.
Three of these targets had as their confinement aluminum sheeting 0.368 cm
(0.145 inch) thick, and three of steel plate 0.636 cm (0.250 inch) thick.
All targets with PBXN-103 were cylindrical, with an outside diameter of
33.0 cm (13 inches) and 33.0 cm (13 inches) long.

A total of seven tests were conducted using PBXN-103 filled targets.
One target was used twice. Of the seven tests, four tests produced some
burning and/or reaction. In two of these tests the target containers
were found up the range with all of their explosive consumed.

Simulated Munitions Filled with H-6 Explosive

Three simulated targets filled with H-6 explosive were supplied by
NSWC. These three targets had as their confinement steel sheeting
0.318 cm (0.125 inch) thick. All targets were cylindrical with an outside
diameter of 28.6 cm (11-1/4 inches) and 28.6 cm (11-1/4 inches) long.

Three tests were conducted using H-6 filled targets. All these tests
resulted in no reaction. The impacting brick wall fragments were pro-
pelled at 61 m/sec, 109 m/sec and 243 m/sec (201 ft/sec, 356 ft/sec, and
797 ft/sec). N.te the steadily increasing velocities and still no reac-
tions resulted.

Simulated Munitions Filled with HBX-I Explosive

Three simulated targets filled with HBX-l explosive were supplied by
NSWC. These three targets had as their confinement steel sheeting 0.318
cm (0.125 inch) thick. All targets were cylindrical with an outside

i .......- diameter of 28.6 cm (11-1/4 inches) and 28.6 cm (11-1/4 inches) long.

Three tests were accomplished using HBX-I filled targets. All three
tests resulted in no reaction. Again the fragment velocity was increased
frm 60 m/sec to 249 m/sec (196 ft/sec to 816 ft/sec) with no burning or
detonation recorded.

Simulated Munitions Filled with HBX-3 Explosive

Three simulated targets filled with HBX-3 explosive were supplied by
NSWC. These three targets had as their confinement aluminun sheeting
0.318 cm (0.125 inch) thick. All targets were cylindrical with an outside
diameter of 28.6 cm (11-1/4 inches) and 28.6 cm (11-1/4 inches) long.

Three tests were accomplished using HBX-3 filled targets. Again the
fragment velocity was increased from 62 m/sec to 247 m/sec (203 ft/sec to
812 ft/sec) with no burning or reaction recorded.
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ANALYSIS OF DATAI

In this-chapter some fundamental relationships between the variables
in a secondary fragment impact experiment will be presented. As an obvi-
ous first consideration, the parameters characterizing the actual impact,
i.e., fragment mass and velocity, will be related. This establishes the
available kinetic energy and momentum but says nothing of the dynamics of
the impact, the efficiency of the energy transfer process or the rate of
energy transfer to the explosive. These variables are in some way re-
lated to the properties and geometries of the shell casing, explosive, and
concrete fragment. The importance of the location of impact will also be
discussed since 7arious casing geometries will react or deform differently
depending on where the loading is applied.

beOnly Phase I, ARRADCOM test series, experimental data analysis will
becovered in this section of the final report. Phase II NSWC test series,I

data analysis was mutually agreed to be the responsibility of NSWC and
ARRADCOM. All necessary measurements, field data, tables, photos, film
coverage and Phase II report were turned over to NSWC for the task of data
reduction and analysis.

Mass-Velocity Sensitivity Curves

Fragment velocity versus fragment mass data has been plotted to de-

boundary velocity representing the estimated threshold initiation condi-
---ions was determined for the 4.2 inch, 81 mm mortar shells, 120 mm cannon
shells and 155 mm howitzer shells.

The plots of the data are shown in Figures 11 through 17 inclusive.
All data points plotted in the sensitivity curves were considered to be
equal. That is, the details of each experiment were neglected and Just
the net results taken. No attempt was made to weigh any point with regard
to how stable the concrete fragment was or where the fragment hit, or
the severity of the impact. Impacts at the intersection of the top of the
target shell and the loading funnel did show to increase the probability
of initiation.

The pertinent data used to determine the boundaries for the sensitiv-
ity curves are shown in Tables 3 through 10 inclusive. Note Figure 11 has

[some carryover experimental test results from previous programs (Refer-
ence 4). Also Figures 15 through 17 inclusive are carried over from the
previous program work with 81 mm mortar shells, 120 mm cannon shells and
155 mm howitzer shells filled with Composition B.

Momentum and Kinetic EnergyI Using the threshold sensitivity curves, a total of six points were
selected on each curve for which the momentum and kinetic energy was cal-
culated. The calculated results are shown in Tables 11 through 14.
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As ne cruiniesthis data one notices that the momentum tends to in-

creae inillcases, as the concrete fragment weight increasas. At. the
sam tme heimpact velocities decrease. For a given concrete projec-
tilemas weseethat the ordering of t~he threshold momentum for the

svnshell/explosive combinations is as follows: 4.2 inch Cycictol
filled, 4.2 inch TNT filled, 4.2 inch Composition B filled, 155 uuu
Composition B filled, 81 mm Composition B filled, 81 =~m TNT filled,
155 amn Composition B filled, 81 mm Composition B filled, 81 mmi TNT fillIc'
and 120 mm Composition R filled.ý Although the difference in momentum
delivered to the 155 mm shell and the 81 smm shell is not great, we would
have expected that for the same explosive fill (Composition B) the 81 WM
shell would be much more sensitive than the 1-55 mm shell (i.e., require"!
significantly less momentum delivered to it for initiation). This ey ~
tation is based on the fact that the 81 mm shell appears to be a weaktý
shell (both its t/D and L are much smaller than for the 155 mm shell).
For the same explosive fill we expected that the strength of the shell
would strongly influence its ease of initiation. This expectation was
not realized. This indicates that momentum alone does not permit the pre-
diction of sensitivities of va:,-ious shells. Another -interesting observa-
tion is that of kinetic energirts. For the 81 mm mortar shells, the
120 mm cannon shells and the 155 mm howitzer shells, the energies oscil-
late somewhat as the concrete fragment weight increases. However, for
the 4.2 inch mortar shells the energies always increase as the concrete
fragment weight increases. Some of this was evident from the posttest
observations of partially damaged concrete fragments, that in some cases
the fragment transfers only a portion of its momentum and energy to the
target and ther. continues on relatively unscathed. This means that some

L of the available momentum and energy is not transferred to the target.

The total mass of the acceptor explosive system (explosive plus
casing) may be important for the following reason. The mass of the sys-
tem provides an inertial force to resist the impact force trying to ac-
celerate it. It is these two counteracting forces which to a certain
extent determine how m~uch and how fast the shell will be crushed.

Also it was observed that the smallest concrete fragments being used
experienced the most destruction at impact with the targets, indicating

that most if not all of its energy has been transferred to the targets.
Using this as a criterion and calculating the kinetic energy for the
smallest boundary point available on the graphs [the 23 kg (50 lb) con-
crete fragment], and establishing this kinetic energy as a constant, the
other velocities were calculated. The resulting curves are superimposed
in Figures 11 through 17. For the 81 mm mortar shell and the 155 mm
howitzer shells the curves are almost identical; however, for the 4.2
inch mortar shell and the 120 mm cannon shells the constant energy
curves dropped off dramatically as the mass of the fragment increased.

Th reigo h 2 mCmoiio ildselde o oda

concrete weights of 181 kg (400 lb) and below 29 kg (65 lb).



One can conclude that using the above criterion gives a safe method of
predicting the boundary condition for any castable explosive filler mate-
rial for a particular target. To recapitulate, if experimentally the
boundary condition is established for the 23 or 29 kg (50 or 65 lb) con-
crete fragment, all other larger concrete fragment boundary conditions
(up to 181 kg (400 lb)] can be safely predicted through the kinetic energy
calculations.

4.3 Derived Equations for Sensitivity Curves

Finally for each sensitivity curve two formulas were derived using
the "method of least squares." In curve fitting there are two somewhat
different interpretations. In one case we could ask for the equation of
a curve that passes rigorously through each point of a selected set. In
the second case for our curve fitting we simply can require that some
simpler curve be obtained whose equation comes only close to each point
selected. This second case is the recommended case for handling experi-
mental data, and its solution is almost universally taken to be by the
least-square criterion.

Using the method of least squares to fit six selected pairs of data
points (the six selected pairs of data points are the same used in momen-
tum and kinetic energy calculations) for each of the curves, a fit wasI
made of the power curve equation, namely:

Xniy an (4)

V aWn (our application)

where V is the velocity of the fragment in meters per second and W is the
weight of the fragment in kilograms. Solving Equation 4 gave one solution
for this investigation' s seven sensitivity curves.

Note however that in Figure 16 the sensitivity curve is a straight
line when plotte~d on semilogarithmic cross section paper. This immedi-
ately indicates that the equation to best fit this curve is of the expo-
nential form:

y -ae' (5)

nW
V -ae (our application)

This is true in one case only and was calculated for that particular case.
Under Figure 16 you will note this extra equation being listed.

Also since these curves do approach the parabolic equation, a fit
again was made of this equation:

y =a+bX+cX2  (6)

2
V -a+ bW+ cW (our application)
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* Solving Equation 6 gave another solution for the seven sensitivity

curves. The following equations were derived:

Power Equations (Eq 4)

Figure 14 V - 300 Wa 3  (4.2 inch - Cyclotol 75/25)

Figure 11 V - 440 W0 6 (4.2 inch - TNT)

Figue 1 V -500W- 0 3 3  (. nh-CmoiinB
Figure 15 V - 1060 (812 inc - Composition B)

Figure 12 V - 1350 Wa-04 9  (81 mm - TNT)

Figure 16 V 900 W0  (120 mm -Composition B)

___________________-0.45___

Figure 17 V - 1050 W(155 mm -Composition B)

Exponential Equations (Eq 5)

Figure 16 V - 267 e-0 .005W (120 num Composition B)

Parabolic Equations (Eq 6)

2
Figure 14 V - 132 - 1.0 W + 0.004 W (4.2 inch TNCclT) l7/5

2
Figure 13 V - 165 - 1.3 W + 0.004 W (4.2 inch Copsto TBT

2
Figure 13 V - 202 - 1.4 W + 0.0105 W (4.2 inc - Composition B)

2
Figure 15 V -3152 3.9 W + 0.0010 W (81 mm - CopoitonB

2
Figurel16 V 32673.4 W+ 0.003W (8120mm-TNT) siioB

2

Figure 17 V -307 -2.8 W + 0.010 W (155 mm - Composition B)

As Equations 4 are scrutinized for the 81 mmn mortar shells (Figures
12 and. 15) the exponent "n" seems to be constant and approaches -0.5,
while for the 4.2 inch mortar shells (Figures 11, 13 and 14) the exponent
n again is somewhat constant and approaches -0.33. Thus the exponent
nseems to be related to some physical property or characteristic of

the shell; whereas the constant "a" seems to be dependent upon both the
explosive and the shells.

Finally using the derived power equations a graph was drawn, Figure
18, with the exponent Itn" of these equations along the abscissa and the
constant "a" along the ordinate, through which a line was fitted. With
the aid of this graph and the experimental establishment of the initiation

23
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threshold velocity for the smallest cot..:rete fragment one can derive the
power equation which depicts the sensitivity curve for the tested target
and expolosive fill. Through minimal experimental testing, and few cal-
culations, one can derive the empirical power equation for the sensitivity
curve of the explosive system in question.

Example: Let's assume for the 4.2 inch target shells filled with
molten TNT and using the 23 kg (50 lb) concrete fragment we experimentally
determined the initiation threshold velocity to be 144 in/sec (472 ft/eec).
Using the power Equation 4

V n

and assuming the power "n" to be -0.3, -0.35, -0.4 and -0.45 we calculate
and obtain four points,

V - AO or a -V/Wn

144 - a(23)-03 a -369
144 -a(23) a = 431

144 - a(23) 0 4  a -505

144 -a(23) 0 4  a = 590

Next we plot these points (-0.30, 369), (-0.35, 431), (-0.40, 505), (-0.45,
590) on the graph in Figure 18 and draw a line through them. At the inter-
section of the two lines you pick off the most appropriate a 395 and
n -- 0.33. Therefore the empirical power equation is:

V = 400 W(Empirical)

The derived equation using the method of least square (Figure 11) rendered:

V - 440 W_(Derived)

See Table 15 which shows the accuracy between these two equations. For
the remaining six shell/explosive configurations the empirical equations
were determined from the graph. See Table 16 listing these equations.
This model was also validated for these same configurations. Table.17
shows the accuracy between the two equations as compared to the experi-
mental results.

It is believed that this method renders a reasonable power equation
which does produce a fairly accurate sensitivity curve for certain explo-
sive systems through minimal experimental testing. One word of caution
at this point, this has only been proven for the munitions (81 mm, 120 mm,

v 155 mm and 4.2 inch) and explosives (TNT, Composition B and Cyclotol 75/25)
that are being discussed in this report.
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Confinement Effects

The effect of the shell casing or confinement on the secondary f rag-
ment mass/velocity sensitivity data will be discussed in this section. In
an impact experiment the casing properties, primarily material strength,
determine how much of the incoming energy will be used to crush or pene-
trate the casing and the amount of energy available for transfer to the
explosive.

If it is assumed that the boundary velocity is directly proportional
to the ratio D/t, where D is the maximum outside diameter and t is the
wall thickness, then some method could be devised to proportion models to
predict actual system conditions. It must be pointed out that in this
program no scaling scheme was necessary, since the confinements were the
actual mortar shells. The pertinent data concerning the actual confine-
ments are shown in Table 1. The 4.2 inch mortar shell is seen to have aI
smaller wall thickness to diameter ratio than the 81 mm mortar shell.
This could mean that it will provide less amount of resistance to external4
pressure. However the 81 mm mortar shells, provided by ARRADCOM and used

on this program, had a groove 0.46 cm wide x 0.30 cm-deep (0.182 inch wide
x 0.120 inch deep) on its maximum outside diameter. When taking this into
account then the 81 mm mortar shell would provide lesser resistance to ex-I
ternal pressure. It is believed that the thickness to diameter ratio can
be a dominant factor in secondary fragment impact tests, but first some
standards must be established of what actually constitute the wall thick-
ness as well as the diameter to be selected. This ratio is clouded since
shell casings have grooves, reduced sections, ogives, rotating bands, and
thick nose and base components. Also in certain cases a more accurate
choice might be the minimum t/D ratio over the cross-sectional area the
concrete fragment impacts. The 4.2 inch and 81 mm target shells had
thicker threaded collars at the top and that is the area selected for the
hit point in these tests. Finally both shells had thick base plates.

In the study of thin wall cylinders the t/D ratio is an important
factor as are the stresses that result from external pressure. Cylinders
having diameter-to-thickness (D/t) ratio greater than 10 (or t/D< 0.1) are
usually considered thin-wall. Elasticity theory reveals (for thin wall
cylinders) that the pressure is related to the stress and the t/D ratio:

ti
P cc~ (6)

That is, the pressure (P) is directly proportional to the t/D ratio. Elas-
ticity theory also shows that the collapsing pressure (PQ is related to

cthe t/D ratio to the third power (Reference 6):

P c (7)
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From th. conservation of momentum the impact stress or pressure Is
proportional to Impact velocity? therefore since

t 3
PccV and Pat( D (from Eq 7) then

VM(.5) (8)

where "a" is expected to be between 1 and 3.

A crude correlation was found between the impact velocity for initia-
tion and t/D, for the four different Composition B filled shells. This
correlation existed if one considered the lowest velocity at which a reac-
tion occurred (neglecting the weight of the concrete fragment). Similarly
for the two TNT filled shells that were tested. Table 18 shows these
relationships.

4.5 Explosive Properties

It is reasoned that the sensitivity of an explosive, that is, its
propensity to be initiated by a certain stimulus will be affected by its
geometry and thermodynamic state among other factors. This was clearly
shown in References 2 and 3 where the secondary fragment impact sensitivity
of Composition B filled 155 imm shells, increased with increasing tempera-
tures of the explosive.

For the simple case, the impact of a solid metal cylinder on a rigid tar-
get, the following relationship holds (for the elastic region)

EV
C -

0

where E is the modulus of elasticity and C0 is the velocity of propagation
of an elastic wave. Wher V> C0, the impacting material behaves as a fluid.
The impact stress depends upon the initial velocity and density (p).

v2
P uE(Z-)

0

2
where CO W v¶7P, and substituting we get P aP V

Although the problem of concrete impacting an explosive filled projectile
is more complicated than the simple example above, and the relationship
between pressure and velocity will contain more terms, from the conserva-
tion of momentum, one can show that the pressure is directly proportional
to the impact velocity (Reference 9).
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Composition B was more sensitive at or above its recrystallization tem-
perature ~77*C (-170OF). The data collected for secondary fragment im-
pacts of TNT, Composition B and Cyclotol 75/25 filled shells point to
the complexity and difficulty in understanding how the explosive affects
the initiation level.. For a given shell, e.g., the 4.2 inch mortar
shell, we can conclude from the sensitivity curves that the most sensi-
tive was the Cyclotol filled, next was the TNT filled, and the least
sensitive was the Composition B filled. For the 81 mm mortar shells
the difference in sensitivity curves is very slight between TNT or
Composition B, with the Composition B just slightly more sensitive.

This behavior of the 4.2 inch shell is unexpected since TNT is normal-
ly less sensitive than Composition B to all types of stimuli. Similarly
Cyclotol 75/25 is normally less sensitive than Composition B. This is
pointed out in numerous reporta, two of which are Reference 10 and 11, where
seven explosives have been subjected to eight sensitivity tests and graded.
For each of the tests the results were arbitrarily expressed numerically in
decreasing sensitivity order. See Table 19 listing these sensitivity evalua-
tions. Note that TNT was subjected only to six sensitivity tests. Studying
this table it is obvious that no two tests place the explosives in the same
order. Because of these variations, a sum total assessment is made of the
relative sensitivity of these seven explosives. For the explosives of
interest in this investigation, you will note that Composition B is more
sensitive than TNT and that Cyclotol falls in between these two.

If one selects the tests from Table 19 that most nearly simulate the
stimuli found in the concrete fragment impact tests conducted on this pro-
gram, it is the Susan and large scale impact tests. In the Susan test
Cyclotol is more sensitive than Composition B and the opposite is true
for the large scale drop tests. It is only the gap tests which find
Cyclotol as the least sensitive of the explosives. Perhaps one reason
that existing sensitivity data are not useful in helping us understand
the behavior of the explosive items impacted by concrete fragments is
that the explosives tested here are molten, while the literature data is
for explosives at ambient temperature. Very little, if any, data exist
on the sensitivity of molten explosives.

It has been assumed in this program's tests that the thermodynamic
state of the explosive is the same between tests. This may be question-
able since the temperature of the explosive did vary from 77*C to 1020 C
(from 170*F to 216 0 F) between tests. The thermodynamic state is also
important in that the manner in which the explosive deforms upon impact
may determine the degree of viscous heating. This is especially important
in secondary fragment impacts where it is conjectured that the extrusion
of the explosive (from a ruptured shell or through the threaded top collar)
could be another probable mechanism of initiation.
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CONCLUS IONS

Phase 1, ARRADCOM Test Series

Threshold impact velocities for initiation by concrete fragments
were determined for the 4.2 inch mortar shell filled with Composition 9,
TNT, and Cyclotol and the Composition B f illed 81 =mortar shell.

An experimental model was developed which enables us to determine
the impact sensitivity of an ammunition item by performing impact experi-
ments at one size concrete fragment. This model was validated for seven
shell/explosive configurations. The empirical model developed on this
program will significantly reduce the number of tests required to charac-
terise thie sensitivity of an ammunition item to secondary fragments.

Because of the complexity of real shell geometries and lack of data
and understanding of the sensitivity of molten explosives, It was not
possible to develop a model that incorporates these parameters.

It was shown that sensitivity test data for solid explosives cannot
be extended to-cover the impact sensitivity of molten explosives in shell
casings.

Phase HI, NSWC Test Series

The impact velocities at which brick wall fragments did not detonate
the simulated munitions were determined. All data and film coverage col-
lected were turned over to NSWC for their analysis.
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RECOMMENDAT IONS

An understanding of how the sensitivity of molten explosives compares
with explosives at ambient temperature in required. Sensitivity data
should be acquired for molten explosives, and f or simulated conditions
of councrete fragmtent impact. The tests should be conducted at a single
geometry, so that the test results reprosent basic behavior of the
explosive.

Concurrently with experimental explosive sensitivity investigations,
analyses should be conducted to determine how simple cylindrical shells
filled with explosive deform under impact loads. This analytical work
should then be extended to real shell geometries.

The analysis should be detailed enough to permit time-dependent calcu-
lations of the shell's deformation; volumetric change; stress, strain and
strain rate; and the extrusion velocity and other flow velocities of the
explosive.

The experimental determination of the explosive's sensitivity to im-
pact and the results of the analyses of the shell deformation must beI
coupled for the development of a predictive model.
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Concrete
Barrier

SecondaryPrmy
Fragments Fragments

Acceptor Donor
Chairge jCharge

Fig 1 Schematic of secondary fragment impact
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Funnel

Concrete Fragment
F-i~bt Direction

4.2 inch Mortar ShellI
molten Explosiv
93.3 C (2000r)

Witness Plate I
Woode Pro

Fig 2 Test setup of a "Just filled" configuration withj
loading funnel in. place
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106.6-

(4.195 in)

81. 8 M

18.2 mm
(0.718 in)

II
.26 in)

,•-.5. 8 mm
416.4 mm (0.227 in)

(16.395 in)

LI

A

Fig 3 4.2 inch mortar shell M329A1

66



80.8-
(3.18 in)

(4.0 n) ~ 0. 525 in)
101.6 mm

................~6.4 to 5.3 mm

(0.25m to 0.21 in)

Fig 4 81 mmmortar shell M362A1
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120 m
0 4.72 fn-Y

15.2 mmn
(0. 60 in)

* .: .:~..:."514 mm
15.__1__mm (20.24in(0. 594 in)

a.(0 88 in)

..25.4.m.

,0 120 --m

Fig 5 120 mmcannon shell M356(T15E3)
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155 m

18. 8 r
(0. 14 in)

610 mmj

17. .3 mmi)
.68 in)

14.3 mm-_-,
(0. 56 3 in)

.. . . . . .........*. .. *

26 .2 mm
......................... in).

Fig 6 155 ?am howitzer shell M1O7A1
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4000

'0

O0

3000 0
0

0

0

mi

0 2000
"44

2 Camera voltage: - 110 vac
Max. film speed: 4000 frames/sec

Film: 100 ft - 16 mm 724 ief
F extrachrome, daylight

.Fastax camera

I i
10

M00O 2000 3000
Number of frames from start of film

Fig 10 High speed Fastax camera characteristics
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2000 61 I
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1500 45 .

I I> +

4. 1---P J-Jý

600 - 18

ei j
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mortar shell, "Just filled" condition with Composition
B at 82-89 C (179-193 F). Data in Table 5.
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